In this paper, a smart antenna array based on the image-aware technique that can automatically switch its beam to track users is proposed. Mobilenet, a deep neural network (DNN), is utilized to find the users' position information from images; it is trained using the collected dataset, and the parameters are optimized. The modified DNN is then implanted into a miniaturized embedded system RK3399. To obtain beam switchable radiation, a 2×2 microstrip patch antenna array with a 4×4 Butler feeding matrix is designed in the 2.4 GHz ISM band. Then, the RK3399 is compactly integrated with the patch antenna array, and a microcamera is used as the eye of the antenna to capture the environment information. A series of measurements of the received power and error vector magnitude (EVM) are performed in a real indoor scenario to verify the design. The results agree well with the expected results and show that the design is capable of guaranteeing communication quality and improving energy efficiency, making this technique a good candidate for indoor wireless applications.
I. INTRODUCTION
The concept of the smart antenna has been put forward for decades and has attracted substantial attention of many researchers due to its powerful functionalities [1] . Many studies of the smart antenna have been performed, which can be classified into three categories, namely, studies of antenna structures for possible smart use, studies of algorithms for controlling the antenna performance, and studies of composite smart antenna systems. For smart antenna structures, investigations of the generation of multiple radiation modes have been carried out. In [2] , a multibeam smart antenna that can achieve beam switching among 0, 90, 180, and 270 degrees using diodes is designed. In [3] , a smart antenna with the capability of beam and polarization switching in the azimuthal plane is presented. In [4] , a reconfigurable adaptive linear array is proposed for finding the optimal The associate editor coordinating the review of this manuscript and approving it for publication was Hassan Tariq Chattha . radiation direction and minimizing the spatial correlation coefficient. In [5] , a graphene antenna with dynamic control of the radiation pattern by setting specific chemical potentials on the graphene layer is proposed. In [6] , a shape-variable parabolic smart antenna is proposed for wave coverage in larger or different landmasses.
With regard to controlling the algorithms of smart antenna, studies aiming to achieve multiple operation modes switching or multiuser focusing have been performed. In [7] , a neural network-based smart antenna is designed to track multiple sources. In [8] , a smart nonuniform antenna arrays is designed to simultaneously process multiple signals at multiple frequencies and can be used to solve the problem of nonuniformly spaced and dissimilar antenna elements employed in any nonplanar environment. In [9] , a UWB smart antenna is presented that can focus its main beam in a given direction and suppress the interference from other directions. Moreover, adaptable smart antenna systems have also been investigated. In [10] , an adaptive approach for improving the VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ signal-to-noise ratio and limiting the number of RF chains for joint antenna selection and beamforming (JASB) is proposed. In [11] , a multibeam technology for communication and radar sensing (JCRS) using steerable analog antenna arrays is presented to provide a fixed subbeam for communication and another scannable subbeam for sensing. For smart antenna systems, antenna structures and controlling algorithms are combined to realize smart functions. In [12] , a new adaptive smart antenna array system for improving the ad hoc distance vector (AODV) network protocol features through energy consumption optimization is proposed. In [13] , an antenna subsystem with computercontrolled adaptive beam steering is presented for reducing the interference of the electromagnetic scattering from the surrounding metal structures. In [14] , an antenna system for controlling and producing the desired operation frequency is designed by linking to the field programmable gate array (FPGA) board that controls the activation of the switches installed on the radiating element. In [15] , a reconfigurable antenna system is designed for voice-controlled personalized switchable radiation coverage. In [16] , a distributed smart antenna system is designed for suppressing the interference and improving the system throughput. In [17] , smart wireless backhaul containing a smart antenna is proposed for selecting the best beam direction and maximizing the throughput performance.
However, all of these proposed designs must be manipulated by peripheral computers and other devices, and cannot decide by themselves which modes should be chosen according to the environmental changes. Nevertheless, for the aforementioned mobile communication application, antennas are thought to be compactly combined with artificial intelligence (AI) so that they can perceive the changes in the environment and make decisions to realize self-control, similar to human beings. This feature is indispensable for the smart city and for the internet of things in 5G mobile communication. Specifically, using these smart antennas, the occupied space will be reduced, energy will be used efficiently and an improvement in reliability will be realized.
As an important field of AI, many studies have been devoted to object sensing and detection, focusing mostly on finding, classifying and locating the objects from images. In [18] , residual network, which is a part of the deep neural Network (DNN) is introduced to facilitate parameter optimizations and increase network depth to improve the accuracy of the DNN output. In [19] , the proposed region-based detector makes almost all computation shared on the entire image to reduce the computation costs. In [20] , an object detecting method using predefined templates of bounding boxes and regions is proposed to reduce the costs in the generation of regions and increase the number of frames processed per second (FPS). In [21] , a single stage network using depthwise separable convolutions specialized for embedded vision applications is presented as a lightweight deep neural network. Recently, an anchor-free object detection method was developed [22] that instead of fitting an object into anchor templates, is implemented by predicting key-points (left top and bottom right of the object) for locating objects. As a consequence, the development of a novel smart antenna that integrates object detection and control functions is preferable and meaningful. This paper proposes a novel two dimensional image-aware smart antenna array based on deep neural network that integrates the functions of monitoring, sampling, processing, decision making and selecting of radiation mode. The main contribution of this work is the design and realization of automatic beam changing based on environment variation in real time. Additionally, the DNN used in this smart antenna is modified to detect users from the top position. The smart antenna proposed in this paper is a promising candidate antenna for smart applications of 5G mobile communication. The operation principle and configuration of the proposed antenna are depicted in Section II. The measured results of the proposed antenna are presented in Section III. The conclusions are drawn in Section IV.
II. ANTENNA DESCRIPTION
The proposed smart antenna array is capable of tracking users in its effective area and adjusting its radiation pattern to always keep the users in an optimal state of radio wave coverage. This smart antenna contains two elements, namely, a location sensing element and a radiating element, and operates in the 2.4 GHz band. In the location sensing element, a microcamera is used to capture images of the whole effective area. The images contain the users' position information and can be extracted by an object detection technique based on Mobilenet. The radiation element can continuously scan its beam according to the user position information given by the location sensing element. Because the main focus of this paper is to verify the concept of a novel smart antenna array, for simplicity, we choose a 2×2 microstrip patch antenna array as an example, which can generate four radiation patterns using a 4×4 Butler feeding matrix, with the main beams pointing to the four quadrants of the Cartesian coordinates.
A. LOCATION SENSING ELEMENT
The proposed antenna array can automatically focus its main beam to four different zones, so before changing the beam, the information regarding which area has a person must first be given. We can simply collect all of the detection information from the camera images and give each of the four zones a score calculated by summing all of the confidential scores multiplied by the proportions of the bounding boxes in the respective four zones, as given by
where Confidencei,j and Bboxi,j are generated by the deep neural network, Bbox denotes the bounding box used to bound the objects in the image, i and j denote the number of the Bbox or zone, respectively, and N denotes the number of the boxes in a single zone. Comparing with other three zones, the highest-scored zone is determined as the optimized direction on which the antenna beam will focus. After the calculation of the zone results, we encoded the four zones into four different codes that can be output by general-purpose input/output (GPIO) from the data processing element and used as input by the RF switch of the radiating element and control the radiation beam direction. The details of the implementation are presented below.
Given that this problem is a well-known problem in the area of computer vision, to identify the objects, we chose Mobilenet [22] , a lightweight deep neural network (DNN) inspired by SSD, that is suitable for an embedded system. Table 1 compares the performance characteristics of the four models. As observed from the data in Table 1 , Mobilenet outperforms the other models in inference delay.
Mobilenet is a small, low-latency model suitable for mobile and embedded vision applications. We use the Opencv module to warp the data flow, and we collect the image data from an embedded RK3399 device and transfer the image from RGB color to grayscale. Then, we use the DNN to load the pretrained frozen inference model graph into memory, and we feed the two-dimensional gray image into the network as a tensor, i.e., the image_tensor. Fig. 1 shows the inner architecture of the frozen inference model, and for this model, the data from the image tensor will be fed into the feature extractor and prior box. The prior box detects full-picture objects, and the feature extractor extracts the features from the image. The extractors in the lower level extracts simple features, while the extractors in the higher level extract complex features from the simple ones. The box predictor generates the bounding boxes that are characterized by three properties, namely, the box center, width and height. If the objects fit the bounding box with proper class, a high confidence score is generated. The feature extractor as a DNN with its first layer forms a fully connected layer. The layers are convolutional layers followed by batch normalization and rectified linear unit (ReLU) nonlinearity. Fig. 2 shows the structure of the box predictor. It is observed that the results of class ID of the box predictor will be collected by class predictor, while the results of the bounding boxes will be collected by the box encoding predictor, and the original region derived from the feature extractor will also be collected by the prior box as a bounding box. Finally, all of the scores and bounding boxes properties are assembled in a sequence and fed into the tensor, providing detection output. It should be noted that we name these features "boxes" based on the concern that this tensor is possibly related to the calculation of the bounding boxes, but the tensor itself is not in the form of bounding boxes.
Inside each box predictor, a class predictor is used to classify the objects into various classes. In our study, an image with a person and an image without a person are considered to be two different classes. Additionally, a bounding box encoding predictor is introduced to generate the properties of the bounding boxes. Furthermore, we use the DNN module from Opencv to collect the detection output, iterate through all of the detections and classify these bounding boxes into four groups by their center locations. Finally, we calculate the final score of each group by (1) to obtain the most optimized radiating direction of the smart antenna array.
Prior to using the model, we modify it to accommodate our requirements through retraining because while the original model is appropriate for situations in which a microcamera takes images from the front view of people, the microcamera on the antenna takes images from the top view. Therefore, we collect data by recording at various public places, such as a shopping mall, and a campus student activity center. Then, we capture the frame sequence using the Opencv python script, and we use Labeling to produce annotations of format VOC2007 [23] . All of the annotations and images are packaged into TensorFlow records for the following training procedure. During the training process, as depicted in Fig. 3 , the data are loaded in batch, then shuffling, repeating, slicing and shuffling again are performed to make an iterator for further training. We feed each data batch into the network, collect the outputs, and calculate the loss by the ground truth and the generated grid in which loss regularization is applied. We use the loss to calculate the gradients with global normalization and then back propagate the gradients at an exponential decay learning rate. In addition, the procedure mentioned above has been carried out by configuring the training pipeline of the TensorFlow object detection. Fig. 4 shows the effectiveness of the modified model. After training, the model is deposited into an RK3399 embedded system with 4G memory, which is called the data processing element. The microcamera for acquiring images is named the data acquisition element. These elements constitute the location sensing element.
B. RADIATING ELEMENT
To realize two-dimensional beam tracking, a 2×2 patch antenna array that can generate four unidirectional beams is selected. The beams radiated by the array can cover the whole monitored two-dimensional area. To realize the generation of four different beams, a feeding network of a 4×4 Butler matrix is adopted to provide four groups of phase distributions for the four antenna elements. The Butler matrix has four 90 • hybrids [24] , and the model is shown in Fig. 5 . Fig. 6 presents the phase and amplitude characteristics of the 90 • hybrids, and it is observed that the output signals of ports 3 and 4 have a phase difference of 90 • and equal magnitude at 2.4 GHz. Fig. 7 shows the structure of the radiating element. The Butler matrix is built based on previous work [25] where a substrate integrated waveguide (SIW) is used as a transmission line to construct the Butler matrix. To reduce the antenna dimensions, we choose microstrip instead of SIW. It should be noted that the currents at P 5 and P 6 and those at P 7 and P 8 have extra phase difference of 180 • due to the opposite feeding structures of the patches, which needs to be taken into account in the evaluation of the radiating directions. The phase distributions of the feeding network are listed in Table 2 . The parameters of the radiating element are given in Table 3 . A Rogers 4350 substrate with ε r = 3.48 and tan δ = 0.0037 are chosen to fabricate the array, and its dimensions are 265.2, 276.0 and 1.524 mm for the width, length and thickness, respectively. To install a monitoring microcamera, a small hole with a radius of 10 mm is drilled at the upper left corner of the substrate.
C. SETUP AND OPERATION
The location sensing element and the radiating element are well-merged together to form an integrated smart antenna, as shown in Fig. 8 . The sizes of the data processing element are 90 mm × 70 mm × 15 mm. Due to its small size, the integrated circuit board attached on the back side of the patch array, powered by a 12 dc power supply, has little impact on the radiation characteristics of the radiating element. Furthermore, this circuit board will not increase the planar size of the proposed antenna. To avoid the short circuit of the data processing element, a foam layer is inserted to isolate the metallic ground of the array and the back of the circuit board. As the eye of the smart antenna array, a micro camera (data acquisition element) with dimension of 27 mm × 60 mm is fixed behind the radiating element and is exposed from the small hole, linking to the data processing element by mobile industry processor Interface (MIPI). In addition, to selectively excite the four input ports of the array, a single pole four throw switch chip with isolation of 43 dB and insert loss of 0.7 dB is applied that is driven by the data processing element. Fig. 9 shows a schematic block diagram of the smart antenna array. Additionally, a schematic diagram of the radiation schemes with a person moving in the monitored area is presented in Fig. 10 . The data acquisition element continuously observes the monitored area. If there are no people in the monitored area, the proposed antenna will remain in the idle state. No radiation will occur. Once a person walks into zone 1, he will be identified instantaneously, and P 4 will be excited by the signal sent from the data processing element to the switch. Therefore, the radio wave is mainly distributed to zone 1. When the person moves to zone 2, P 2 will be excited, and the main beam will switch to zone 2 based on the same principle. In similar fashion, as soon as the user sequentially enters zones 3 and 4, the corresponding ports i.e., P 1 and P 3 will be excited to provide premium channels. Thus, the beam of the antenna can be switched to track the users in the monitored area. The key point in this paper is the adaptive detection of the users and the automatic handover of the antenna beam. This scheme is also applicable to the cases when multiple people are found in different zones or along any paths in the monitored area. The scheme depends on characteristics of the radiating element that will be further studied in future work. Moreover, the weight of the proposed smart antenna array is low enough that it can be readily mounted on the ceiling for practical application, as shown in Fig. 11 . VOLUME 8, 2020 
III. MATH EXPERIMENTAL VALIDATION
To validate the performance of the smart antenna array, a series of measurements were carried out in an anechoic chamber and in a realistic scenario. Antenna characteristics, such as S-parameters and radiation patterns, were simulated and measured. Radio wave coverage and communication quality with the utilization of proposed antenna, characterized by the received power distribution and error vector magnitude (EVM), were also investigated in a real scenario of an office.
A. RADIATION CHARACTERISTICS
The radiation characteristics of the radiating element were simulated by CST and measured using an Agilent E8363C PNA network analyzer. Ports 1, 2, 3 and 4 of the radiating element correspond to P 1 , P 2 , P 3 and P 4 respectively, as shown in Fig. 7 . Because of the symmetry of the radiating element, for simplicity, only the |S|-parameters of the radiating element when port 1 is excited are presented in Fig. 12 , while the other three ports are terminated by matching loads of 50 ohm. It is observed from Fig. 12 that the measured bandwidth of the radiating element is approximately 1.06% (2.342-2.367 GHz), which is in good agreement with the simulated results but has a slight frequency deviation. This result is mainly due to the deviation of the substrate permittivity and the fabrication tolerance. The return losses and the mutual couplings with the other three ports are greater than 12 dB at 2.358 GHz. From Fig. 12 , we can infer that similar results are obtained for the cases when P 2 , P 3 and P 4 are excited. Fig. 13 shows the simulated and measured radiation patterns of the radiating element for the case of P 1 excitation. The measured results agree well with the simulated results. In Fig. 14, the simulated and measured contours of the 3-dB radiation beam are depicted when P 1 is excited. The measured contour has a small deviation from the simulated contour. The simulated gain of 7.47 dB is in good agreement with the measured gain of 7.04 dB. The difference between the radiation patterns of the simulation and those of the measurements is mainly due to the fabrication tolerance and the slight bending of the PCB board. 
B. OPERATIONAL PERFORMANCE
The radio wave coverage of the proposed antenna array was measured in a real scenario of a rectangular office in a large building. The dimensions of the measured area are 4.2 m × 4.2 m. Fig. 15 shows the setup of the measurement system. The received power in the measured office was collected using an Agilent FieldFox RF Analyzer N9912A. The smart antenna array was suspended on an antenna mount with a height of 2.62 m and was located at the center of the measured area. The array was used as the transmitting antenna and was fed by an R&S SMB100A signal generator with an operating frequency of 2.358 GHz. The receiving antenna is an omnidirectional antenna and was fixed on an antenna platform with the height of 1 m. When the measurement was carried out, signal was received by the omnidirectional antenna and was recorded by a computer connected to the analyzer. Moreover, the receiving terminal traversed across the whole measured area with a sampling internal of 70 mm (0.55 λ), and the computer captured the data in real time. Fig. 16 presents the distributions of received power for the cases of only one port excited at a time during the whole area test, and for the case of automatically exciting the appropriate port based on the target position information. When P 1 is excited, the main beam of the antenna points to zone 3, as shown by the contour in Fig. 16(a) . In this case, the received power in zone 3 is clearly the highest among the four zones and has the average magnitude of −52.96 dBm, while in zones 1, 2 and 4, the receiving signal is significantly reduced, and the average received power values are −62.49 dBm, −60.04 dBm and −61.52 dBm, respectively. When P 2 , P 3 , and P 4 are excited, the radio wave coverage characteristics are similar to those for the excitation of P 1 , and the corresponding average received power values are listed in Table 4 . It is observed from the table that the results derived from the four ports have slight differences that are mainly caused by the fabrication tolerance, the slight bending of PCB board, time variation of the channel and the asymmetry boundary of the office. Here, we set the trigger positions for the handover of the excitation ports to the boundaries of the adjacent zones in order to obtain higher received power. From the curve in Fig. 16(e) , it is observed that when the smart antenna array is functioning in the mode of adaptive beam switching based on the position information of the user, as expected, a better distribution of received power with an average value of approximately −53.22 dBm is obtained.
To further verify the performance of the smart antenna array, it was applied in a real wireless communication system to investigate the communication quality. A schematic diagram of the communication system is shown in Fig. 17 . In the system, a pair of YunSDR Y320 baseband modules was used that consists of a generator, encoder and decoder. The quadrature phase shift keying (QPSK) modulation mode was used for the measurements. In the transmitting terminal, as single Y320 module was connected to a computer by RJ-45 interfaces and received instructions and data from the computer. The processed data frames with a bandwidth of 10 Mbps were modulated on a carrier frequency of 2.358 GHz and were continuously sent to the smart antenna. When the measurement was started, the data frames propagated in the wireless channel were received by the receiving antenna from direct or reflective paths. Finally, the data sent by the computer in the transmitting terminal were acquired by another computer in the receiving terminal.
In these measurements, we tested the EVM distribution to evaluate the effect of the smart antenna on whole system. The measurement environment is identical to that of the receiving power measurement. Here, we choose two typical testing paths, namely, two square paths with the side length of 3.64 m (case 1) and 1.82 m (case 2), as illustrated in Fig. 10 . The receiving terminal sequentially passes zones 1-4 along the paths, and the sampling interval is set to 70 mm (0.55 λ). The measured results are shown in Fig. 18 , and the abscissa is the number of the sampling points. The trigger positions are set to the boundaries of the adjacent zones. In case 1, the path of zone 1 is from point 1 to 52, and the paths of zones 2, 3 and 4 are from 53 to 104, 105 to 156, and 157 to 208, respectively. In case 2, the path of zone 1 is from 1 to 26, and the paths of zones 2, 3 and 4 are from 27 to 52, 53 to 78, and 79 to 104, respectively.
In the measurements, the EVM was tested for the case of exciting one port at a time without switching and for the case of adaptively switching the excitation between the ports based on the user location information, and the results are shown in Fig. 18 . When the four ports are excited individually, as shown by the eight curves in Figs. 18(a) , (b), (c) and (d), small-scale fluctuations can be observed in the ranges of approximately 80% of path 1 and approximately 40% of path 2, which is mainly caused by the inter-symbol interference (ISI) due to the multipath effect in the office. On the other hand, when P 1 is excited, radiation covers zone 3, and the EVM in this zone is lowest among the four zones. It is observed that along paths 1 and 2, the EVM is relatively higher at the beginning of zone 3 due to the slight deviation of the radiation pattern from the expected case when P 1 is excited. In addition, the EVM in zone 2 is not as high as those in zones 1 and 4, which is mainly caused by the side lobe of the radiating element. The results for other three port excitations are similar to those for the P 1 excitation. In these individual excitation cases, users may experience poor communication quality in the weak radiation area. It is evident from Fig. 18 (e) that when the smart mode of the antenna is turned on, the EVM is lower and smoother as expected, and is below 45% along both paths. For a more detailed description, the average EVMs in different modes along path 1 and 2 are given in Table 5 . The average EVM for the case of adaptive switching (14.73% along path 1 and 12.13% along path 2) is only about half of those of the individual excitations (approximately 32% along path 1 and 26% along path 2). The small differences between the results of four port excitations are mainly due to the geometric asymmetry of office, fabrication tolerance, and time variation of the wireless channel. Therefore, the proposed antenna array can ensure communication quality in a wireless communication system.
It should be noted that when the operation frequency increases and the scenario becomes larger, path loss will increase, while the multipath effect will be reduced, and the reflections will decrease, making the differences in the received power and the EVM between the radiation and nonradiation areas more prominent. In this case, a radiating element that can generate more beams with higher gain is needed to guarantee sufficient received power, which will be explored in future work.
IV. CONCLUSION
In this paper, a smart antenna array capable of automatic beam switching is proposed. The antenna consists of two elements, namely the location sensing element and the radiating element. In the location sensing element, the Mobilenet deep neural network with low latency and high accuracy is modified by retraining the model to be suitable for the perspective of observation of people from the top view and implemented into an RK3399 embedded system. The location sensing element is fixed on the back of the radiating element to reduce its impact on the radiation characteristics. In the radiating element, a 2×2 microstrip patch antenna array with a 4×4 Butler matrix is designed to operate at 2.4 GHz of the ISM band. This array can generate four different beams to cover the whole monitored area. The radiation characteristics of the radiating element were tested in an anechoic chamber. Furthermore, to investigate the performance of the proposed antenna array, the measurements of the received power and the EVM were carried out in a real office. The measurement results are in good agreement with the expected results. This design is suitable for applications in various scenarios, such as offices, shopping malls, and virtual reality. In future work, new antenna structures with more beams and better performance characteristics will be studied, and a DNN with lower latency and more accuracy will be proposed. 
